Introduction
Plerixafor (Mozobil Fricker by osteoblasts and osteoclasts and a vascular niche comprised of the vascular endothelium [31] . However it is now apparent that this is an oversimplification as these cell types are in close anatomical proximity to one another.
There are two major families of chemokines defined by the number and relative spacing of cysteine residues at the N-terminal end of the protein. These are CC and CXC in which there are two cysteine residues that are either adjacent (CC) or separated by one amino acid residue (CXC) [22] . CXCR4 is a member of the latter family. CXCR4 has one ligand, the chemokine CXCL12 (also known as SDF-1). CXCL12 is produced by bone marrow stromal cells such as osteoblasts, endothelial cells and adventitial reticular cells, also known as CXCL12-abundant reticular cells (CAR) [32] . The expression of CXCL12 and CXCR4 is regulated by hypoxia-inducible factor (HIF-1) and it has been hypothesized that the bone marrow is partially hypoxic resulting in their enhanced expression. However, the hypoxic nature of the bone marrow has been questioned [31] . Other molecules playing a role in HSC homing and retention include c-kit and its ligand stem cell factor (SCF), the adhesion molecules VLA-4, VLA-5 and LFA-1 [33, 34] . CXCL12 can induce expression of VLA-4, and conversely mobilization with cytokines such as G-CSF and SCF result in decreased expression of CXCR4 [32] . What is clear is the importance of the CXCR4/CXCL12 interaction in the homing and retention of HSC within the bone marrow.
Molecular Pharmacology of Plerixafor
As mentioned above the discovery of CXCR4 as a coreceptor for HIV led to the realization that plerixafor was an inhibitor of CXCR4. As chemokine receptors are GPCRs, classical GPCR pharmacological techniques were used to investigate the molecular mechanism of action of plerixafor. Plerixafor was shown to inhibit CXCL12 ligand binding, and CXCL12-mediated G-protein activation, calcium flux, and receptor internalization [35, 36] . Plerixafor was also able to inhibit CXCL12-mediated chemotaxis, an in vitro physiological response related to in vivo migration. Plerixafor itself was unable to elicit any of these responses, indicating that it is an inhibitor of CXCR4 function without apparent agonist activity [35, 36] , though there are reports that at high concentrations it can stimulate activity of a constitutively active mutant of CXCR4 and that it may be a weak agonist against wild type CXCR4 [37] . Plerixafor was shown to be a selective inhibitor of CXCR4 when compared across a panel of other chemokine receptor assays (CXCR1, CXCR2, CXCR3, CXCR7, CCR1, CCR2b, CCR3, CCR4, CCR5, CCR6, CCR7, CCR8, and CCR9) [35, 36] . CXCL12 can also interact with CXCR7 [38] and there is evidence that at high pharmacologically irrelevant concentrations (>10 mol/l) plerixafor may be an allosteric agonist of CXCR7 [39] , confirming that plerixafor is selective for CXCR4 over CXCR7. Mechanistic studies further port of myeloablative high-dose chemotherapy and/or total body irradiation. Cells can be obtained by aspiration from the bone marrow but this is a painful procedure requiring general anesthesia and several repeat aspirations and has been replaced in recent years by peripheral blood stem cells as a source of HSC, particularly for autologous transplantation. Though HSC continually exit and return to the bone marrow, the numbers of HSC actually present in the peripheral blood is very small therefore they have to be mobilized from the bone marrow into the circulation before collection by apheresis. The predominant agents for mobilization are either cytokines such as granulocyte-colony stimulating factor (G-CSF) or chemotherapeutic drugs such as cyclophosphamide, or a combination of both [18, 19] . However a proportion of patients (5-40%) fail to mobilize adequate numbers of HSC to allow them to undergo a successful transplant. Plerixafor was approved by the Food and Drug Administration (FDA) in 2008 and by the European Medicines Agency (EMA) in 2009 for the use in combination with G-CSF to mobilize HSC to the peripheral blood for collection and subsequent auto logous transplantation in patients with NHL and MM. This review will describe the pharmacology of plerixafor, and discuss the current understanding of its mechanism of action as a small molecule inhibitor of CXCR4.
CXCR4 and Hematopoietic Stem Cells
Chemokine receptors are seven-transmembrane G-proteincoupled receptor (GPCR) proteins. Their cognate ligands, chemokines, are 8-10 kDa proteins [20] [21] [22] . Chemo kines regulate lymphocyte trafficking, are mediators of hematopoiesis and immune function, and play a role in the inflammatory disease process [21, 23, 24] . The chemokine receptor CXCR4 is ubiquitously expressed on many cell types including WBC, epithelial and endothelial cells. It plays crucial roles in the homing and trafficking of leukocytes and HPCs [25] [26] [27] . Moreover, it plays an important role in neonatal development by controlling the migration and positioning of cells during the processes of hematopoiesis, brain development, and vascularization. CXCR4 is expressed on HSC and plays a key role in their retention and maintenance in the bone marrow niche [28] [29] [30] . The bone marrow niche has been described as a two compartment system consisting of an endosteal niche provided ( fig. 3A ) [45] . Mobilization was dose-dependent, with HPCs returning to baseline by 24 h. Importantly for future clinical use, the HPC-mobilizing capacity was not impaired by repeat daily administration. Equally significant was the observation that mobilization could be achieved in several different strains of mice, including those which only mobilized poorly in response to G-CSF. Treatment with plerixafor following G-CSF resulted in synergistic mobilization. HPCs can only provide short-term engraftment, whereas HSCs are capable of true long term engraftment. Whilst HPCs can be assessed by CFU assays, HSCs can only be measured by in vivo transplantation and subsequent reconstitution of the recipient bone marrow. Confirmation that HSC were mobilized was provided by transplant studies in which donor blood cells from CD45.2+ mice were transplanted into lethally irradiated congenic CD45.1+ recipients. Chimerism was assessed by flow cytometry using antibodies to CD45.1 and CD45.2. A >eightfold chimerism was observed (CD45.2:CD45.1) with plerixafor mobilized donor cells compared with control cells, and long-term engraftment was achieved with plerixafor-mobilized cells. Furthermore, the self-renewing capacity of the mobilized HSCs was demonstrated by a secondary transplant of marrow-derived donor cells from the primary recipient mice into secondary recipients. Mobilization of HPC from the bone marrow was confirmed using an in situ perfusion of mouse femoral bone marrow [46] , though studies in splenectomized mice have suggested that other tissues may also act as extramedullary sources of the mobilized HPC/HSC under certain conditions [47] . HSCs are identified in the clinical setting by expression of the marker CD34. In addition successful engraftment is monidemonstrated that plerixafor is a tight-binding, slowly reversible inhibitor of CXCR4 [35, 36] .
Plerixafor has a unique binding mode to CXCR4 compared with other chemokine receptor inhibitors. A single 1,4,8,11-tetrazacyclotetradecane ring has an overall positive charge of 2+ at physiological pH; therefore, the bicyclam plerixafor has an overall positive charge of 4+, thus allowing charge/charge interactions with amino acid residues on CXCR4. This was tested by site-directed mutagenesis of CXCR4 of selected aspartate and histidine residues and assessing the effect of these mutations on the binding of either radiolabeled Met-SDF-1 or the CXCR4-specific antibody 12G5 to the receptor [40] . 45 , Trp 94 and Tyr 116 suggesting possible alternative binding modes for plerixafor in which one cyclam ring can interact with one of the aspartate residues whilst the other interacts with an aromatic amino acid residue [43] .
In vivo Pharmacology of Plerixafor
CXCR4, unlike many other chemokine receptors, is highly conserved across species, and it has been shown that plerixafor can inhibit CXCL12-mediated calcium flux in CXCR4-expressing lymphocytes and lymphocyte cell lines from human, mouse, and dog with similar potency [35, 36, 44] . This makes it possible to investigate plerixafor pharmacology in multiple species; as a result plerixafor has been shown to be capable of mobilizing HPC and HSC in several animal species. Mobilization occurs rapidly within hours of a single injection compared with the repeat injection of G-CSF over a number of days. The first, pivotal, study demonstrated peak mobilization of HPCs, assessed by colony forming unit (CFU) assays, within 1 h after a single subcutaneous injection in C3H/HeJ mice Fricker tored by the neutrophil and platelet recovery. A canine model of HSC mobilization and transplantation has been successfully used to study G-CSF mobilization. This model has two advantages over the mouse model; one is that canine HSC express CD34, and secondly successful engraftment can be measured using the clinical parameters of neutrophil and platelet recovery. A single subcutaneous injection of plerixafor resulted in a rapid generalized leukocytosis similar to that observed in humans, together with a mobilization of CD34+ cells with the peak occurring around 8-10 h post-injection [44] . Cells were collected by leukaphereis and an autologous transplantation performed after myeloablative irradiation of the recipient dog. Neutrophil and platelet recoveries occurred at medians of 8 and 26 days, respectively, demonstrating successful bone marrow reconstitution ( fig. 3B, C) . All recipients had normal marrow function 12 months after transplantation demonstrating long-term durable engraftment of plerixaformobilized HSC.
The dog is also a suitable species for investigating allogeneic transplantation. Successful long-term engraftment was obtained after transplant of plerixafor-mobilized cells into dog leukocyte antigen(DLA)-matched littermates after conditioning with total body irradiation. Neutrophil and platelet recovery occurred with a median of 8 and 26 days, respectively [44] . Successful and prompt engraftment without graft-versus-host disease was also obtained in a model of non-myeloablative, MHC-haploidentical HSC transplantation [48] .
Rapid mobilization of HSCs was also demonstrated in rhesus macaques. The cells were collected and retrovirally marked prior to transplant. Again rapid neutrophil and platelet recovery was observed. Using the retroviral marker, it was shown that long-term gene-marked myeloid and lymphoid cells were present up to 32 months after transplantation, again indicative of long-term durable engraftment of plerixafor-mobilized cells [49] .
Phenotypic analysis showed that the plerixafor-mobilized cells possess intrinsic characteristics different from those of HSCs mobilized with G-CSF. In the mouse studies the plerixafor mobilized HSCs expressed a phenotype characteristic of highly engrafting mouse HSCs [45] . Based upon CXCR4, VLA-4 expression and cell cycle status, the mobilized cells from the rhesus macaque study indicated that the HSCs mobilized by plerixafor possessed a similar phenotype to bone marrow-derived HSCs [49] . In addition, a gene microarray analysis highlighted significant differences in the genes expressed by plerixafor-and G-CSF plus plerixafor-mobilized CD34+ cells compared with G-CSF alone-mobilized cells [50] . This is in line with clinical observations that plerixafor-mobilized human CD34+ cells appear to have a better ability to engraft in SCID mice [45, 51] and have the phenotype typical of a more primitive subset of HSCs than G-CSF [52] and that these cells have a gene profile consistent with the potential to promote engraftment [53] . bone marrow. Further evidence for the disruption of the CXCR4/CXCL12 interaction in HSCs as the mechanism for HSC mobilization by plerixafor interestingly comes from transplant studies examining the effect of plerixafor treatment on HSC engraftment in mice. Mice pre-treated with plerixafor prior to transplantation showed higher engraftment compared with untreated controls [57] . Interestingly, the findings from a different study demonstrated that treatment with plerixafor post-transplantation was also able to improve engraftment [58] . In both cases it was proposed that the effect was mediated by increased marrow niche availability due to emptying of niches by the CXCR4 inhibitory effect of plerixafor. The homeostatic regulation of the bone marrow niche and egress and ingress of HSCs is coordinated by multiple interacting factors that regulate the interactions of HSCs with their bone marrow niche. These factors include CXCR4 and CXCL12, but also a diverse array of molecules including cytokines and growth factors such as SCF, c-kit ligand and G-CSF [18] , parathyroid hormone [59, 60] , prostaglandins [61, 62] , neuronal signals [63, 64] , adhesion molecules such as VLA-4 [65] , and chemokines including CXCL12 [23, 28, 30 ]. An additional mechanism for plerixafor-stimulated HSC mobilization has been proposed in which plerixafor directly stimulates an increase in circulating plasma CXCL12 which in turn drives HSC mobilization [66] . It is conceivable that in such a complex and well regulated system the disruption of the CXCR4/CXCL12 interaction would interfere with other processes in a downstream fashion. However, the simpler explanation seems the most likely; plerixafor-blocked CXCR4 can no longer respond to CXCL12 and hence lose the CXCL12-mediated retention signal resulting in movement away from the bone marrow niche. The accumulated data described above support the inhibition of the CXCR4-mediated retention of HSC as the mechanism of HSC mobilization by plerixafor (fig. 4) .
Mechanism of Plerixafor HSC Mobilization
The interaction of CXCR4 on HSCs with its cognate ligand produced by bone marrow stromal cells is essential for the retention of HSCs in the bone marrow niches. It is important to note that CXCR4, unlike for example VLA-4, is not an adhesion molecule but a chemokine receptor. Chemokines promote migration of cells towards a chemokine gradient and, in some instances, cause cells to arrest at precise locations [24] . It should also be noted that chemokines are bound to glycosoaminoglycans on the cell surface and, in this way, are presented to the chemokine receptor-expressing cells [20] . Additionally chemokine receptors are rapidly internalized upon ligand engagement. It can be therefore envisaged that the retention of HSCs by CXCL12 is a dynamic interaction in which cells are being continually pulled towards the bone marrow niche cells. Disruption of this dynamic interaction will thus allow HSCs to passively move away from and out of the bone marrow niche [31] . Disruption of this interaction can occur by reduced expression of CXCR4 and/or CXCL12 either at the level of mRNA or by proteolytic cleavage [54, 55] . G-CSF-induced mobilization has been associated with increased levels of the serine proteases, neutrophil elastase, and cathepsin G. Proteolysis may also play a regulatory role in chemokine function; CXCL12 is selectively cleaved by CD26 which reduces the chemotactic responsiveness of CD34+ cells [23, 56] . However, non-proteolytic mechanisms seem to play a role as CXCL12 mRNA levels decrease in association with G-CSF treatment [55] . Though the mechanism of G-CSF is still not completely resolved, it is apparent that the CXCR4/CXCL12 interaction plays a central role.
Plerixafor is a selective inhibitor of CXCR4. Plerixafor binds to CXCR4 and blocks the binding of its cognate ligand CXCL12 [35, 36] . It is generally thought that it is the blocking of this interaction that allows HSC mobilization out of the Fricker can act as a mediator of vasculogenesis [68] . Plerixafor has been shown to have activity against a variety of solid tumors where in vitro it can inhibit migration of cancer cells, and in vivo effect tumor growth and metastasis. Treatment with plerixafor has been shown to decrease growth of glioblastoma xenografts both as a single agent and in combination with BCNU [84, 87] . In another glioblastoma model, tumor vascularization was increased post-irradiation treatment [88] . This was found to be mediated by CD11b-expressing bone marrow-derived cells. These cells are of the monocyte lineage and also express CXCR4. Treatment with plerixafor post-irradiation prevented the infiltration of the CD11b cells, with an associated decrease in vasculogenesis, and abrogation of tumor regrowth [89] .
The bone marrow provides a protective environment for leukemia cells. This survival advantage is in part provided by the CXCL12 interaction with CXCR4 on the leukemia cells [90] . Plerixafor has been shown to be able to mobilize B-cell acute lymphocytic leukemia cells (ALL) from the bone marrow and to inhibit their engraftment [91] . Similarly in a model of acute promyelocytic leukemia (APL), plerixafor was able to mobilize APL cells. Furthermore, plerixafor was able to improve survival and decrease the leukemia burden when administered with cytosine arabinoside compared with chemotherapy alone [92] . Plerixafor was also able to enhance the response of the therapeutic antibodies rituximab (anti-CD20) and alemtuzumab (anti-CD52) in a model of disseminated lymphoma [93] . In the latter instance, the therapeutic benefit was in part due to mobilization of neutrophils and enhancement of the antibody-dependent cellular cytotoxicity. These and other studies therefore support the potential use of CXCR4 antagonism as a means to enhance sensitivity to therapeutic agents in hematological malignancies. Preliminary encouraging data has been obtained from a phase II clinical study using plerixafor and chemotherapy with mitoxantrone, etoposide and cytarabine in AML patients [94] .
Conclusion
Plerixafor was the first small molecule CXCR4 antagonist to be identified, coming out of a medicinal chemistry program aimed at identifying novel inhibitors of HIV infection [1] . Plerixafor is also only one of two chemokine receptor inhibitors approved for clinical use, the other being the CCR5 inhibitor maraviroc approved for HIV treatment [95, 96] . Plerixafor is a potent, selective inhibitor of CXCR4 with a unique binding mode. The interaction of CXCR4 with its ligand CXCL12 is essential to the retention of HSCs in the bone marrow and inhibition of CXCR4 by plerixafor results in rapid mobilization of HSCs. Non-clinical pharmacology studies in multiple species demonstrated that plerixafor is able to mobilize HSCs with long-term durable engraftment properties. Significantly, plerixafor synergistically enhanced HSC
Pharmacology of Plerixafor in Models of Disease
The initial therapeutic interest in CXCR4 came from its role as a co-receptor for HIV [1, 9, 10] . In a phase II clinical trial with HIV patients, treatment with plerixafor validated CXCR4 as a therapeutic target for HIV [15] . However, CXCR4 is widely expressed on many cell types and tissues such as brain, lung, colon, heart, kidney and liver, and on leukocytes, epithelial and endothelial cells [25, 27] . Therefore, it is not surprising that CXCR4 and CXCL12 have been implicated in a variety of disease states such as inflammatory diseases including asthma and rheumatoid arthritis [24] , and cancer [67] [68] [69] . CXCL12 and CXCR4 have been found to be involved in leukocyte recruitment in autoimmune and inflammatory disease. CXCR4 and CXCL12 expression is elevated on CD4+ T cells in the synovium of patients with rheumatoid arthritis, and contributes to T-cell recruitment [70] [71] [72] . Plerixafor was tested in two models of collagen-induced rheumatoid arthritis, one using interferon (IFN-) receptor knockout (IFN R KO) mice, and one in wild-type mice [73, 74] . In both cases plerixafor reduced the severity of the disease, with a concomitant reduction in leukocyte infiltration to the inflamed joint. CXCR4 has also been implicated in leukocyte recruitment in other inflammatory diseases such as uveitis and asthma. Plerixafor was able to decrease airway hyperreactivity and resistance in a cockroach allergen-induced model of asthma in mice [75] . This response was associated with a significant reduction in levels of T H 2 cytokines (IL-4, IL-5) and increases in T H 1 cytokines (IL-12, IFN-) , indicating a shift of the immune response from T H 2 to T H 1, reflecting the preferential expression of CXCR4 on T H 2 cells over T H 1 cells.
Plerixafor can also mobilize circulating angiogenic cells and endothelial progenitor cells [76] [77] [78] . Plerixafor was able to accelerate the restoration of blood flow in a model of hindlimb ischemia in diabetic mice. In addition systemic administration of plerixafor-mobilized CD34+ cells accelerated restoration of blood flow [79] . Similar results were obtained in a model of hindlimb ischemia using C57BL/6 mice [76] . Transfer of PBMC mobilized with a combination of G-CSF plus plerixafor also resulted in an improvement in blood flow. Treatment with plerixafor was shown to reduce fibrosis and improve myocardial function and vascularity in a mouse model of myocardial infarction induced by ligation of the left ascending coronary artery [78] and after ischemia/reperfusion injury [80] . This was associated with mobilization of bone marrow-derived endothelial progenitor cells. As yet none of these indications have been translated into the clinical setting CXCR4 is also expressed on many types of cancer cells, including those of hematological origin such as leukemia and lymphomas [32, 81, 82] where it is frequently associated with a worsened prognosis [83] , and on solid tumors, including breast, ovarian and glioblastoma [84] [85] [86] . CXCR4 plays multiple roles in tumor biology depending on the tumor type and location. It can act as a survival factor, promote metastasis, and new treatment option for HSC mobilization for MM and NHL patients.
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The author is an employee of Genzyme -a sanofi company. mobilization with G-CSF. These pharmacological properties successfully translated into the clinical setting. Treatment with plerixafor and G-CSF was shown to significantly increase HSC mobilization compared with G-CSF alone both in healthy volunteers and in patients with NHL and MM [97] [98] [99] . Plerixafor was subsequently evaluated in two randomized phase III clinical trials, one in NHL patients [100] and one in MM patients [101] . The success of these two trials led to the approval by the FDA in 2008 for the use of plerixafor in combination with G-CSF to mobilize HSCs to the peripheral blood for collection and subsequent autologous transplantation in patients with NHL and MM. This was followed by approval in Europe by the EMA in 2009. Plerixafor represents a
